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Bonded  compliant  seal  (BCS)  design,  which  uses  a  thin  S-shaped  foil  to  connect  the  cell  and  frame  by 
brazing,  is  a  new  sealing  method  for  planar  solid  oxide  fuel  cell  (SOFC).  This  paper  studies  the  brazed 
residual  stress  in  BCS  design  of  a  planar  SOFC  by  three-dimensional  finite  element  method.  The  effect  of 
foil  thickness  on  residual  stress  has  been  investigated.  The  results  show  that  the  peak  residual  stresses  are 
located  in  S-shaped  foil  and  BNi2  filler  metal  and  have  exceeded  the  yield  strength.  Therefore  S-shaped 
foil  and  BNi2  filler  metal  are  the  most  dangerous  zone.  The  foil  thickness  has  a  great  effect  on  residual 
stress.  The  peak  residual  stresses  in  foil  and  BNi2  are  increased  with  the  foil  thickness  increase.  With  the 
foil  thickness  increase,  the  residual  stresses  in  window  frame  are  increased,  while  residual  stresses  in 
Ag-CuO  filler  metal  are  decreased. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Planar  solid  oxide  fuel  cell  (SOFC),  which  converts  the  chemi¬ 
cal  energy  into  electrical  power  by  electrochemical  reaction,  is  one 
of  the  most  attractive  candidates  for  the  next  generation  of  power 
sources  [1-3].  Planar  SOFC  operates  at  high  temperature  and  oxi¬ 
dizing  atmosphere,  which  can  easily  lead  to  leakage.  Therefore  the 
most  key  is  the  sealing  technology  for  planar  SOFC  [4-9].  So  far, 
three  main  methods  including  the  rigid-bonded  seal  [10-12],  com¬ 
pressive  seal  [13-15]  and  the  bonded  compliant  seal  (BCS)  [16,17] 
have  been  used  to  seal  the  planar  SOFC  stack. 

For  rigid-bonded  seal,  the  metals  such  as  silver  or  gold  can  be 
used  as  the  sealing  materials  to  combine  the  SOFC  components 
[  18-20].  Silver  and  gold  are  stable  at  air  but  the  disadvantage  is  that 
they  are  expensive  and  increase  the  manufacturing  cost.  Therefore, 
glass  or  glass-ceramic  materials  are  commonly  used  in  the  rigid- 
bonded  seal  [21-23].  Due  to  the  mismatch  of  thermal  expansion 
coefficient  (CTE)  between  the  SOFC  components,  thermal  stresses 
are  generated  inevitably  and  have  a  great  effect  on  cracks.  The 
repeated  thermal  cycling  during  the  long-term  operation  may  lead 
to  the  crack  and  leakage  since  the  glass-ceramic  is  brittle  [24]. 
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For  compressive  seal,  a  pressure  must  be  applied  to  achieve 
the  tightness  [25].  In  this  design,  the  generated  thermal  stress 
is  lower  because  it  does  not  rigidly  bond  the  SOFC  components 
and  allows  some  deformation.  Silver  and  Mica  are  used  as  gasket 
and  base  materials  respectively,  but  which  increases  the  leak  rate 
[26-28].  It  was  also  found  that  the  silver  with  7.5%  copper  was  too 
strong  to  deform  with  the  applied  pressure,  leading  to  poor  tight¬ 
ness.  Compared  with  the  rigid-bonded  seal,  compressive  seal  has 
poorer  tightness  or  unfavorable  reaction,  leading  to  a  lower  cell 
performance.  Therefore  compressive  seal  is  also  not  suitable  for  a 
long-term  operation  [29,7,30]. 

The  bonded  compliant  seal  (BCS),  which  is  designed  by  Weil  et  al. 
[16],  combines  the  advantages  of  rigid-bonded  method  and  com¬ 
pressive  seal  method.  It  uses  a  thin  deformable  foil  metal  to  braze 
the  adjacent  metal  and  ceramic  components,  through  which  the 
different  extents  of  the  deformation  between  the  adjacent  compo¬ 
nents  are  accommodated.  Therefore  it  not  only  has  good  tightness, 
but  also  can  absorb  some  thermal  deformation  by  the  sealing  foil  to 
reduce  the  thermal  stress.  It  has  been  proved  that  the  BCS  structure 
presents  good  strength  in  as-brazed  and  thermally  cycled  condi¬ 
tions  [16].  Residual  stress  is  one  of  the  reasons  that  cause  leakage 
and  failure  in  BCS  structure,  which  has  attracted  more  attention 
in  recent  years  [31-35].  Weil  and  Koeppel  [36]  found  that  the 
BCS  design  offered  obvious  advantages  over  glass-ceramic  seal¬ 
ing  method  based  on  thermal  stress  analysis.  Jiang  and  Chen  [31] 
also  performed  thermal  stress  analysis  to  an  operating  planar  SOFC 
with  BCS  design  by  finite  element  method  (FEM),  and  the  effects 
of  temperature  non-uniformity  and  cell  voltage  on  thermal  stress 
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Fig.  1.  The  cross  section  of  the  BCS  structure. 


Table  1 

Dimensions  and  materials  for  the  components  of  BCS  structure  [36]. 


Component 

Cell 

Cell-to-foil  braze 

Foil 

Foil-to-frame  braze 

Frame 

Thickness  (|mm) 

600 

100 

20 

100 

500 

Material 

Ni-YSZ/YSZ 

Ag-4  mol%  CuO 

FeCrAlY 

BNi-2 

Haynes  214 

were  discussed.  We  [37]  performed  a  preliminary  analysis  of  brazed 
residual  stress  in  BCS  design  by  a  two-dimensional  finite  element 
method  (FEM),  which  provides  some  reference  for  design;  but  the 
window  frame  are  constrained  rigidly,  which  may  lead  to  an  over¬ 
estimation  of  residual  stresses  and  the  out-of-plane  principal  stress 
was  also  not  analyzed.  In  addition,  the  thickness  design  of  foil  metal 
plays  an  important  role  on  the  performance  of  SOFC.  Therefore  here 
we  use  three-dimensional  FEM  to  study  the  foil  thickness  on  brazed 
residual  stress. 


2.  Modeling 

2.2.  Finite  element  model 

Fig.  1  shows  the  cross  section  of  the  BCS  structure.  An  S-shaped 
sealing  foil  is  brazed  to  the  cell  and  window  frame  by  silver- 
based  filler  metal  (Ag-4%CuO)  and  BNi2  filler  metal,  respectively. 
The  thickness  of  each  component  is  listed  in  Table  1  [36].  The 
residual  stress  distributions  were  analyzed  by  a  commercial  FE 
code  ABAQUS.  Due  to  the  cell  geometry  is  4-fold  symmetric,  only 
one-quarter  model  was  built  to  decrease  the  computation  time.  A 
three-dimensional  (3D)  finite  element  model  is  built,  as  presented 
in  Fig.  2.  The  finite  element  meshing  is  shown  in  Fig.  3.  There  are 
total  66  798  elements  and  90297  nodes  in  the  3D  model. 


2.2.  Brazing 

The  planar  SOFC  stacking  is  brazed  in  the  vacuum  furnace.  At 
first  the  stacking  is  heated  to  600  °C  at  10°Cmin_1  and  the  tem¬ 
perature  is  held  for  about  40  min  to  volatilize  the  binder.  Then  it 
is  heated  to  the  brazing  temperature  of  1050°C  and  held  about 
25  min.  At  last,  the  assembly  is  cooled  to  the  ambient  temperature 
in  the  furnace. 


2.3.  Simulation  procedure 

At  high  temperature,  the  assembly  is  at  zero  stress  state.  There¬ 
fore  the  residual  stress  is  simulated  during  the  cooling  from  brazing 
temperature  (1050°C)  to  20  °C.  For  the  present  used  materials, 
solid-state  phase  transformation  does  not  occur.  Therefore,  the 
total  strain  rate  can  be  decomposed  into  elastic  strain,  plastic  strain 
and  thermal  strain,  respectively.  Elastic  strain  is  modeled  using 
the  isotropic  Hooke’s  law  with  temperature-dependent  Young’s 
modulus  and  Poisson’s  ratio.  The  thermal  strain  is  calculated 
using  the  temperature-dependent  CTE.  For  plastic  strain,  a  rate- 
independent  plastic  model  is  employed  with  Von  Mises  yield 
surface,  temperature-dependent  mechanical  properties  and  linear 
kinematic  hardening  model.  In  kinematic  hardening  model,  the 
yield  strength  surface  does  not  change  its  shape,  size  or  orienta¬ 
tion,  but  rather  its  center  as  the  yield  surface  translates  in  stress 
space,  as  shown  in  Fig.  4.  The  kinematic  model  is  commonly  used 
in  FE  analyses  of  residual  stress. 

2.4.  Material  properties 

The  materials  of  the  components  in  BCS  structure  are  listed  in 
Table  1.  Temperature-dependent  properties  of  materials  are  incor¬ 
porated.  The  material  properties  relevant  to  thermal  stress  are 


Fig.  2.  Finite  element  model. 


Fig.  3.  Finite  element  meshing. 
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Fig.  4.  Kinematic  hardening  model. 


elastic  modulus,  yield  stress,  Poisson’s  ratio,  and  the  coefficient  of 
thermal  expansion  (CTE).  In  fact,  the  cell  in  the  planar  stacks  is  a 
composite  structure  composed  of  anode,  electrolyte  layer  and  cath¬ 
ode  layer.  However  in  the  present  study,  the  attention  is  focused  on 
the  joint  of  sealing  foil-to-window  frame,  and  therefore  the  mate¬ 
rial  of  the  cell  is  assumed  to  be  the  same  as  anode  material  (Ni-YSZ). 
The  material  properties  are  listed  in  Table  2. 

2.5.  Boundary  and  constrained  conditions 

The  symmetric  boundary  conditions  were  applied  in  the  two 
cross  sections.  And  all  the  nodes  on  the  bottom  face  of  the  window 
frame  were  constrained  in  z-direction.  Thus  the  rigid  body  motion 
was  avoided. 


Table  2 

Material  properties. 


Materials 

Properties:  E  is  Young’s  modulus  (GPa);  a  is  coefficient 
of  thermal  expansion  (°C_1  x  10-6);  <rs  yield  strength 
(MPa);  /x  is  Poisson’s  ratio 

Haynes  214 

E:  220  (20°C),  210  (100°C),  204  (200°C),  177  (400°C), 
184  (600°C),  162  (800°C); 
a:  13.3  (200°C),  14.1  (400°C),  15.2  (600°C),  16.6 
(800°C); 

crs:  620  (25 °C),  570  (540°C),  540  (650°C),320  (870°C), 

65  (1000°C); 

/x:  0.28 

FeCrAlY 

E:  220  (20 °C),  210  (100°C),  205  (200°C),  190  (400°C), 
170  (600 °C),  150(800°C); 
a:  11.0  (250°C),  12.0(500°C),  14.0(750°C),  15.0 
(1000°C); 

crs:  310  (25 °C),  170  (427 °C),  120  (593  °C),80  (650°C), 

70  (705  °C),  35  (800  °C); 

/x:  0.28 

BNi2 

E:  205  (20°C),  200  (100°C),  195  (200°C),  184  (400°C), 
172  (600°C),  161  (800°C); 
or.  13.4  (25 °C),  15.0(200°C),  16.8  (400°C),  18.2 
(600°C),  19.9(800°C); 

<js:  300  (25 °C),  220  (400°C),  180(700°C),  160(800°C), 
90(1000°C); 

/x :  0.28 

Ag-CuO 

E:  52  (25  °C),  49.6  (185  °C),  49.6  (300  °C); 

cr.  15  (25 °C),  15.0  (200°C),  15.0  (400°C),  15.0(600°C), 

15.0(800°C); 

<js:  335  (25 °C),  235(185°C),  100(280°C),  85(373°C), 
20(800°C); 

/x :  0.38 

Cell 

E:  120  (25 °C),  116(100°C),  1.0(200°C),  97  (400°C),  78 
(800°C); 

a:  12  (25 °C),  12.0(800°C); 

/x:  0.32 

3.  Results  and  discussion 

Residual  stress  components  from  FE  analysis  are  obtained  in  the 
following  direction:  ( 1 )  transverse  stress  SI  1 ,  represents  the  stress 
inX-axis  direction;  (1 )  longitudinal  stress  S22,  represents  the  stress 
in  Y-axis  direction;  (2)  Thickness  stress  S33,  refers  the  stress  in  Z- 
axis  direction.  In  this  paper  due  to  the  geometry  model  has  4-fold 
symmetry,  therefore  SI  1  in  the  x-direction  is  the  same  as  S22  in 
they-direction,  and  Sll  in  they-direction  is  the  same  as  S22  in  the 
x-direction. 

3.2.  Residual  stress  distribution 

Fig.  5  shows  the  contours  of  transverse  stress  in  cell,  Ag-CuO 
filler  metal,  foil,  BNi2  and  window  frame.  In  cell  as  shown  in 
Fig.  5(a),  the  peak  Sll  is  45 MPa  and  the  stress  is  relatively  small, 
and  the  residual  stress  is  concentrated  on  the  edge  and  then 
decreases  to  the  center.  In  Ag-CuO  filler  metal,  the  peak  SI  1  is  about 
174  MPa  which  is  shown  in  the  half  part,  and  Sll  in  the  other  half 
part  is  about  137 MPa,  as  shown  in  Fig.  5(b).  In  S-shaped  foil,  Sll 
is  non-uniform.  The  peak  stress  is  286  MPa,  which  is  shown  in  the 
part  connected  to  Ag-CuO  filler  metal.  In  the  part  that  connected 
to  the  BNi2,  SI  1  shows  a  compressive  stress  of  324  MPa,  as  shown 
in  Fig.  5(c).  In  filler  metal  BNi2,  the  peak  stress  is  332  MPa  as  pre¬ 
sented  on  the  edge  of  filler  metal  as  shown  in  Fig.  5(d).  Sll  in  the 
window  frame  is  also  small  and  its  peak  is  about  42  MPa,  as  shown 
in  Fig.  5(e). 

Fig.  6  shows  the  contours  of  thickness  stress  in  BCS  compo¬ 
nents.  It  is  shown  that  the  maximum  stress,  208  MPa,  is  shown 
in  the  foil.  While  the  thickness  stress  in  cell,  Ag-CuO  filler  metal, 
BNi2  and  window  frame  are  very  small  and  their  peaks  are  21,  13, 
17  and  16  MPa,  respectively.  This  phenomenon  proves  that  the  S- 
shaped  foil  can  deform  plastically  and  elastically  along  the  vertical 
crease  between  the  upper  and  lower  sealing  surfaces.  S-shaped  foil 
plays  a  role  like  a  spring,  and  some  stresses  in  BCS  structure  can 
be  absorbed  in  the  foil  as  elastic  and  plastic  deformation.  Therefore 
the  residual  stresses  in  other  components  are  very  small,  which  can 
decrease  the  leakage  risk. 

3.2.  Effect  of  foil  thickness 

In  BCS  design,  the  foil  thickness  plays  an  important  role  on 
reducing  the  stresses  in  the  structure,  which  is  discussed  here. 
Keeping  the  rest  parameters  constant,  the  foil  thickness  is  changed 
to  discuss  its  effect.  S33  is  very  small  and  is  not  considered  in  the 
following  discussion. 

The  maximum  residual  stresses  in  cell,  Ag-CuO,  foil,  BNi2  and 
window  frame  with  different  foil  thickness  are  listed  in  Table  3. 
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Fig.  5.  SI  1  contours  in  cell  (a),  Ag-CuO  (b),  foil  (c),  (d)  BNi2  and  window  frame  (e). 


It  is  shown  that  the  maximum  residual  stresses  in  cell,  foil,  BNi2 
and  window  frame  are  increased  as  the  foil  thickness  increase.  But 
the  foil  thickness  has  little  influence  on  the  peak  residual  stress 
in  Ag-CuO.  In  order  to  investigate  the  effect  of  foil  thickness  on 
residual  stress  in  each  component,  4  reference  paths  as  positioned 
in  Figs.  7-10  are  taken  to  analyze  respectively. 

Fig.  7  shows  the  effect  of  foil  thickness  on  residual  stress  along 
path  PI  in  the  window  frame.  It  is  shown  that  the  residual  stresses 
are  increased  as  the  foil  thickness  increases.  When  the  foil  thick¬ 
ness  is  below  50  p^m,  the  residual  stress  along  the  70%  length  is 


compressive.  But  when  the  foil  thickness  is  80|jim,  almost  100% 
is  tensile  stress,  and  the  peak  Sll  is  also  increased  to  180  MPa  as 
listed  in  Table  3.  This  means  that  the  residual  stress  in  the  window 
frame  is  increased  with  the  foil  thickness  increase,  and  especially 
it  has  a  sudden  increase  when  the  foil  thickness  is  80  p>m,  and  the 
peak  stress  is  increased  to  318  MPa  as  the  foil  thickness  is  120  p,m. 

Fig.  8  shows  the  effect  of  foil  thickness  on  residual  stress  along 
path  P2  in  BNi2.  It  is  presented  that  the  residual  stress  has  reached 
the  yield  strength  of  BNi2,  and  the  residual  stresses  along  P2  are 
slightly  increased  as  the  foil  thickness  increases.  The  peak  residual 


Table  3 

The  maximum  residual  stresses  in  BCS  structure  with  different  foil  thickness. 


Max.  stress 

Thickness  (|jim) 

Cell  (MPa) 

Ag-CuO  (MPa) 

Foil  (MPa) 

BNi2  (MPa) 

Frame  (MPa) 

Sll 

20 

45 

174 

286 

332 

42 

50 

53 

176 

303 

363 

75 

80 

67 

171 

359 

358 

180 

120 

77 

169 

371 

380 

318 

S33 

20 

21 

13 

208 

17 

16 

50 

27 

22 

336 

52 

12 

80 

30 

15 

345 

50 

24 

120 

29 

18 

355 

84 

48 
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Fig.  6.  S33  contours  in  cell  (a),  Ag-CuO  (b),  foil  (c),  (d)  BNi2  and  window  frame  (e). 


Fig.  8.  Effect  of  foil  thickness  on  residual  stress  in  BNi2. 
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stresses  are  also  increased,  as  listed  in  Table  3.  As  the  foil  thickness 
is  120  |jLm,  the  peak  of  SI  1  has  increased  to  380  MPa,  which  means 
that  too  thick  foil  can  lead  to  large  peak  stress. 

Fig.  9  shows  the  effect  of  foil  thickness  on  residual  stress  along 
path  P3  in  the  foil.  Because  the  foil  section  does  not  have  the  4-fold 
symmetry  present  in  the  other  sections,  therefore  SI  1  and  S22  are 
different  as  is  shown.  It  is  presented  that  the  foil  thickness  has  little 
effect  on  Sll  and  S22  along  P3.  But  the  foil  thickness  has  greatly 
affected  the  peak  stresses  as  listed  in  Table  3.  When  the  foil  thick¬ 
ness  is  increased  to  80  p>m,  the  peaks  of  SI  1  and  S33  are  increased  to 
359  MPa  and  345  MPa,  respectively,  which  has  exceeded  the  yield 
strength  about  35-40  MPa. 

Fig.  10  shows  the  effect  of  foil  thickness  on  residual  stress  along 
path  P4  in  Ag-CuO  filler  metal.  With  the  foil  thickness  increase,  the 
residual  stresses  are  decreased.  When  the  foil  thickness  is  increased 
from  20  to  80  p>m,  about  20  MPa  stress  is  decreased.  This  is  because 
at  the  case  of  thinner  filler  metal  thickness,  the  deformation  gra¬ 
dient  is  very  large,  which  brings  more  difficulty  in  stress  relief 
and  causes  the  large  stress.  Therefore,  increasing  the  filler  metal 
thickness  can  decrease  the  residual  stress. 

3.3.  Discussion 

As  described  above,  large  residual  stresses  are  found,  which 
would  have  a  great  effect  on  crack.  Therefore  the  thickness  design 
of  the  foil  plays  an  important  role  on  decreasing  the  residual 
stress.  As  the  foil  thickness  increases,  the  residual  stresses  in  the 


window  frame  are  increased  while  residual  stresses  in  Ag-CuO  are 
decreased. 

As  shown  in  Table  3  and  Figs.  5-6,  it  is  found  that  the  biggest 
residual  stresses  are  shown  in  the  foil  and  BNi2.  It  means  that 
the  dangerous  position  has  been  changed  from  the  cell  to  the 
foil  itself,  which  improves  the  benefits  of  BCS  design.  Therefore, 
it  is  very  necessary  to  pay  special  attention  to  the  foil,  and  it  is 
also  very  vital  to  determine  a  good  design  of  foil  thickness  to 
ensure  the  strength  requirement  and  safety.  In  the  S-shaped  foil, 
the  foil  thickness  affects  the  peak  stresses  greatly.  With  the  foil 
thickness  increase,  the  peak  stresses  are  found  to  increase.  As  the 
foil  thickness  increases  to  80  p>m,  the  peak  residual  stresses  have 
exceeded  its  yield  strength.  As  the  foil  thickness  is  further  increased 
to  120  p>m,  the  peak  residual  stress  in  BNi2  has  been  increased  to 
380  MPa  and  exceeded  yield  strength  80  MPa,  meanwhile  peak  SI  1 
in  window  frame  has  been  suddenly  increased  to  318  MPa.  In  BNi2 
filler  metal,  some  brittle  phases  are  generated  after  the  brazing  [38  ], 
therefore,  the  increased  residual  stresses  can  generate  cracks  and 
give  threaten  to  the  safety.  As  shown  in  Fig.  7,  half  of  the  stresses 
along  PI  in  window  frame  are  compressive  when  the  foil  thickness 
is  below  80  p>m,  but  as  the  foil  thickness  increases  to  120  p>m  all  the 
stresses  are  increased  to  tensile  stress.  Therefore,  it  is  proposed  the 
foil  thickness  cannot  exceed  80  p,m. 

How  to  design  the  thickness  of  foil  metal  is  an  important  issue. 
Actually  there  is  not  any  report  on  this  up  to  now.  Here  we  com¬ 
pared  the  maximum  principle  stress  with  the  yield  strength,  which 
is  a  simplified  method.  It  will  be  conservative  and  safe. 

4.  Conclusions 

This  study  performs  a  brazed  residual  stress  in  BCS  design  of  pla¬ 
nar  SOFC  by  three-dimensional  finite  element  method.  The  effect 
of  the  foil  thickness  on  residual  stress  has  been  discussed. 

(1)  The  peak  residual  stresses  are  shown  in  the  foil  and  BNi2,  and 
the  foil  thickness  has  a  great  effect  on  residual  stress  in  BCS 
structure. 

(2)  With  an  increase  of  foil  thickness,  the  residual  stresses  are 
increased  in  window  frame,  while  they  are  decreased  in 
Ag-CuO  filler  metal. 

(3)  The  peak  residual  stresses  in  foil  and  BNi2  filler  metal  are 
increased  as  the  foil  thickness  increases.  Too  thick  foil  can  lead 
to  large  increase  of  stress  in  BNi2  and  window  frame.  Based  on  a 
compressive  consideration,  it  is  proposed  that  the  foil  thickness 
should  not  exceed  80  |jim. 
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